THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 32, pp. 26854 -26866, August 3, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Structural Basis for the Interaction of a Hexameric Replicative
Helicase with the Regulatory Subunit of Human DNA

Polymerase a-Primase™

Received for publication, March 18,2012, and in revised form, May 8,2012 Published, JBC Papers in Press, June 14,2012, DOI 10.1074/jbc.M112.363655
Bo Zhou*', Diana R. Arnett®, Xian Yu*, Aaron Brewster*?, Gregory A. Sowd®?, Charlies L. Xie*®, Stefan Vila®,

Dahai Gai', Ellen Fanning®", and Xiaojiang S. Chen™

From the *Department of Molecular and Computational Biology, University of Southern California, Los Angeles, California 90089,
the §Department of Biological Sciences, VU Station B 1634, Vanderbilt University, Nashville, Tennessee 37235, the 1]Department of
Biological Sciences, University of California Berkeley, Berkeley, California 94720, and the ”Vanderbilt—lngram Cancer Center,

Nashville, Tennessee 32732-6838

mutational analysis.

\_

(Background: Interaction between DNA polymerase a-primase (Pol-prim) and the viral helicase (LTag) is critical for SV40
primosome activity, but the protein interfaces remain poorly characterized.
Results: The detailed LTag interface with the Pol-prim regulatory subunit is revealed by co-crystal structure and confirmed by

Conclusion: Pol-prim/LTag interaction activates the SV40 primosome.
Significance: The LTag complex provides structural insight into a eukaryotic helicase-primase assembly.
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DNA polymerase a-primase (Pol-prim) plays an essential role
in eukaryotic DNA replication, initiating synthesis of the lead-
ing strand and of each Okazaki fragment on the lagging strand.
Pol-prim is composed of a primase heterodimer that synthesizes
an RNA primer, a DNA polymerase subunit that extends the
primer, and a regulatory B-subunit (p68) without apparent
enzymatic activity. Pol-prim is thought to interact with eukary-
otic replicative helicases, forming a dynamic multiprotein
assembly that displays primosome activity. At least three sub-
units of Pol-prim interact physically with the hexameric
replicative helicase SV40 large T antigen, constituting a simple
primosome that is active in vitro. However, structural under-
standing of these interactions and their role in viral chromatin
replication in vivo remains incomplete. Here, we report the
detailed large T antigen-p68 interface, as revealed in a co-crystal
structure and validated by site-directed mutagenesis, and we
demonstrate its functional importance in activating the SV40
primosome in cell-free reactions with purified Pol-prim, as well
as in monkey cells in vivo.

All cells begin de novo DNA replication using RNA primers
that are synthesized by a primase on single-stranded template
DNA and then extended by a processive DNA polymerase. In
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prokaryotic cells, primer synthesis is coupled with unwinding
of the parental DNA by ring-shaped hexameric replicative heli-
cases, viral or cellular, that translocate with 5’ to 3’ polarity and
a single-stranded DNA (ssDNA)®-binding protein. Dynamic
physical and functional interactions among the primase, heli-
case, and ssDNA-binding proteins, which constitute a primo-
some, coordinate their activities at the replication fork (1-4). In
eukaryotic cells, the primase activity is part of a DNA polymer-
ase a-primase complex (Pol-prim), but understanding of how
its activity is coordinated with that of the eukaryotic Cdc45-
MCM-GINS replicative helicases and replication protein A
(RPA), the major ssDNA-binding protein, remains incomplete
(5-7).

Pol-prim consists of four subunits (8, 9). The catalytic pri-
mase subunit p48 associates with p58 to form a stable het-
erodimer that synthesizes an RNA primer of 8 —12 nucleotides
and then, through a so far elusive mechanism, transfers it inter-
nally to the associated p180 subunit (10—12). The p180 DNA
polymerase subunit then elongates the RNA primers into RNA/
DNA primers of about 30-35 nucleotides. The p68 or B-sub-
unit is not essential for the enzymatic activities of Pol-prim, but
it is essential in vivo and may regulate Pol-prim function in
response to cell cycle signaling or at telomeres (13—17). Struc-
ture-function studies indicate that the C-terminal zinc domain
of p180 anchors both the p68 subunit and the p58 subunit of the
primase dimer in the complex (9, 18). Unexpectedly, these stud-
ies also revealed that several hundred residues at the N termini
of the p180 and p68 subunits were dispensable for primase and
polymerase activities (9, 17) and hence were presumed to be
unstructured (18). Single particle electron microscopy recon-

¢ The abbreviations used are: ssDNA, single-stranded DNA; AAA™, ATPases
associated with various cellular activities; DBD, DNA binding domain; LTag,
large tumor antigen; MCM, mini-chromosome maintenance; Pol-prim,
DNA polymerase a-primase; RPA, replication protein A; Ni-NTA, nickel-ni-
trilotriacetic acid; DEN, deformable elastic network; wDEN, weight for DEN.
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FIGURE 1. Schematic diagram of the interactions of hexameric LTag with
Pol-prim. A, modular architecture of SV40 LTag (27, 51). Each of the three
structured domains is sufficient for its biochemical activity as follows: DnaJ
chaperone domain (J), origin DNA binding domain (OBD), and helicase
domain (HD), composed of the zinc (Zn) and ATPase subdomains, are boxed.
Flexible linker regions are indicated as lines. B, hexameric helicase domain of
LTag (light gray) contacts Pol-prim (dark gray) through at least three subunits
(curved arrows). The N-terminal regions (N) of p180 and p68 are dispensable
for enzymatic activity but interact physically with LTag (9, 17, 23, 60).

structions of Pol-prim domains and subcomplexes lacking the
N-terminal regions suggest a modular architecture composed
of globular domains joined by flexible linkers (18, 19). Crystal
structures of the p58 C-terminal domain from human and yeast
(20-22) and an NMR solution structure of the N-terminal
domain of human p68 (23) have also recently become available.
To our knowledge, no structures of Pol-prim subunits or
domains in complex with a replicative helicase are currently
available.

Here, we use SV40 DNA replication in a cell-free reaction as
amodel to study the role of human Pol-prim in a simple primo-
some. The purified hexameric replicative helicase SV40 large T
antigen (LTag), human Pol-prim, human RPA, and any topoi-
somerase that can relax positively supercoiled DNA (Esche-
richia coli DNA gyrase and human topoisomerases I and II) are
sufficient to initiate replication of supercoiled SV40 DNA (24—
26). LTag is a modular protein with three structured domains
joined by flexible peptides (Fig. 14). LTag unwinds the origin
DNA, recruits RPA to the template, and then orchestrates RPA
displacement by human Pol-prim for primer synthesis and
extension. In a simpler reaction utilizing RPA-coated ssDNA as
the template, LTag and Pol-prim are sufficient to reconstitute
SV40 primosome activity even in the absence of LTag helicase
activity (27-30). These findings suggested that the key role of
LTag in primosome activity may be to displace RPA and, in
concert, position Pol-prim on the exposed ssDNA. As in pro-
karyotic primosomes, weak physical interactions among LTag,
Pol-prim, and RPA are observed and have been implicated in
primosome activity (14, 23, 27, 30—-33). In solution, hexameric
LTag binds to the Pol-prim heterotetramer with 1:1 stoichiom-
etry, in which at least three subunits of Pol-prim contact LTag
(Fig. 1B) (34, 35). However, the overall architecture of this pri-
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mosome assembly, the functional interplay among the proteins
that give rise to activity, and the path of the DNA through the
assembly are not known.

To develop a detailed mechanistic understanding of this sim-
ple eukaryotic primosome, we have begun to define the physical
interactions among these three modular proteins and their
potential functional roles in primosome activity. The previ-
ously unrecognized N-terminal domain of Pol-prim p68 (p68N,
residues 1-78), a four-helix bundle, interacts with LTag heli-
case domain (residues 260-627). A p68N truncation in a
mutant Pol-prim complex abolishes SV40 primosome activity
in two different assays, implicating p68N-LTag interaction in
primosome activity (23). On the surface of p68N, a small hydro-
phobic patch flanked by acidic charges docks on LTag and is
needed for SV40 primosome activity (23). An initial screen for a
corresponding docking interface on LTag identified Lys-425 as
important for docking and for primosome activity (27). How-
ever, the absence of a hydrophobic patch adjacent to Lys-425 on
the LTag that could complement the docking surface on p68N
was puzzling (27), raising questions about the role of Lys-425 in
the p68-LTag binding interface and in primosome activity.

In this study, we have re-examined the LTag-p68N interface
using protein crystallography. We present a 5-A crystal struc-
ture of the p68N domain of human Pol-prim bound to LTag
hexameric helicase. We use newly developed refinement meth-
ods to show for the first time the detailed molecular interac-
tions between p68 and LTag. Mutational analysis of residues
within the interface confirms the importance of these sites for
LTag-p68 interaction and for primosome activity, indicating
that this site represents one of the docking sites critical for
assembling the functional architecture of the Pol-prim-helicase
complex of the SV40 primosome.

EXPERIMENTAL PROCEDURES

Expression and Purification of SV40 LTag and p68N—The
LTag helicase domain (residues 260—627) was expressed in
E. coli as a thrombin-cleavable GST-LTag fusion protein using
the pGEX-2T vector as described (36). The fusion protein was
isolated by glutathione affinity chromatography, and LTag
released by thrombin cleavage was further purified by Super-
dex-200 gel filtration chromatography (GE Healthcare). The
N-terminal domain (residues 1-78) of human p68 (p68N) was
expressed in E. coli as a PreScission protease-cleavable His, tag
fusion protein and purified by Ni-NTA column chromatogra-
phy as described (23). After on-column cleavage of the fusion
protein, p68N was further purified by S75 size exclusion chro-
matography, and monomeric species were pooled.

Crystallization—Each protein was concentrated in crystalli-
zation buffer (25 mm Tris-HCI, pH 8.0, 250 mm NaCl, and 10
mwm dithiothreitol). Concentrated LTag (15 mg ml™') was
mixed with p68N (5.3 mg ml ') at an optimized molar ratio of
1:1.5 (LTag monomer/ p68N) and crystallized by the hanging-
drop vapor diffusion method. Crystals were grown at 18 °C
from 2-ul drops against 1 ml of well buffer (0.96 M sodium
malonate, pH 6.0). Crystals were soaked stepwise in increasing
concentrations of sodium malonate, pH 6.0 (1.25, 1.75, 2.25,
and 2.75 M), for about 5 min at each step, and then flash-frozen
in liquid nitrogen.
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Data Collection, Structure Determination, and Refinement—
Data were collected at Beamlines 8.3.1 at the Advanced Light
Source (Berkeley, CA) and 23-IDD at Argonne National Labo-
ratory and processed with HKL-2000 (37). To solve the struc-
ture, the previously determined LTag structures in various
nucleotide states (36, 38, 39) were used as search models for
molecular replacement. Knowing that one asymmetric unit
may contain up to 12 LTag subunits that could form two hex-
amers in the crystal, we used monomeric and hexameric LTag
models to do the molecular replacement search. Eventually,
only the ATP-bound form (Protein Data Bank code 1SVM) (38)
as a hexamer yielded a correct solution, with two hexamers in
one asymmetric unit. The initial electron density map calcu-
lated with the molecular replacement solution model contain-
ing only 12 subunits of LTag already revealed some p68N den-
sity around the LTag hexamer (supplemental Fig. S1A).
Subsequent 12-fold noncrystallographic symmetry averaging
based on LTag subunits proved to be powerful for improving
the density of p68N (supplemental Fig. S1B). Using the
improved electron density map, the p68N NMR solution struc-
ture (Protein Data Bank code 2KEB) was used for docking into
the non-model biased but reasonably defined density map.
After the docking, it was clear that part of the main chain of the
NMR structure of p68N needed to be adjusted to fit into the
main-chain density. Successive rounds of model refinement
and density modification further improved the phases and the
density of p68Ns for further model adjustment. Even though
the data completeness for the structural determination here is
75%, it should be noted that in previously reported structures,
where multiple fold noncrystallographic symmetry averaging
was available, data completeness around 50% (40, 41), and in
one case as low as 20% (42), was sufficient for the structural
determination and refinement. Given previous examples, with
12-fold noncrystallographic symmetry available in this struc-
ture, 75% data completeness should be sufficient.

Because of the relatively low resolution data (5.0 A), refine-
ment of the final model was further performed using the newly
released deformable elastic network (DEN) refinement method
that is specifically designed for structure refinement of low res-
olution x-ray diffraction data frequently encountered with large
protein complexes (43). DEN refinement has been shown to
work well for structure refinement of x-ray diffraction data of
resolution around 5—6 A (43— 45). Briefly, DEN (implemented
within CNS) refines structures by using previously solved high
resolution structures of homologous proteins as reference
structures to build springs between random pairs of atoms
within the low resolution model being refined. These springs
are deformable and updated with each round of DEN-assisted
refinement, allowing for large differences between the refer-
ence structure and the refined structure while still applying
local conserved conformational similarities that are supported
by diffraction data. These springs provided structural informa-
tion to supplement the atom placement supported solely from
diffraction data. Strength of springs (WDEN) and the weight of
the reference data (y) are experimentally defined parameters
determined by multiple refinement runs and assessed by
improvements in R;,,.. We created a script to test different val-
ues for wDEN and yalong a grid pattern. For each pair of values,
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we ran 10 refinements in our supercomputer, using different
random numbers for the initial velocity assignments in refine-
ment. Using the wDEN and v values that gave the best average
of Ry,.., the best resultant structure revealed that DEN refine-
ment changed most of the side-chain conformations at the
interface between LTag and p68N to make much better inter-
molecular interactions than those in the originally positioned
model. The density of p68N was improved even further in the
map calculated from the final model after DEN refinement
(supplemental Fig. S1C), and the final refinement statistics and
geometry are very good (Table 1). The coordinate file and struc-
ture factors (Protein Data Bank code 4E2I) have been deposited
in the Protein Data Bank, Research Collaboratory for Structural
Bioinformatics.

Preparation of Other Proteins—Mutations were introduced
into the coding sequence of full-length LTag by standard site-
directed mutagenesis, cloned into pFastBacl, and recombinant
baculoviruses were generated by the Bac-to-Bac system in Sf9
cells (Invitrogen). Full-length LTag was expressed in Hi5 cells
infected with recombinant baculoviruses (5 infectious units per
cell) and purified by Pab101 immunoaffinity chromatography
essentially as described (46) with the following modifications.
Cells were lysed in lysis buffer (50 mm Tris-HCI, pH 8, 10 um
ZnCl,, 1 mm EDTA, pH 8, 100 mm NaCl, 0.5% Nonidet P-40, 1
pg/ml aprotinin, 1 uMm leupeptin, 200 um PMSF) using a
Dounce homogenizer. Clarified lysates were rocked with
Pab101-Sepharose beads for 2 h at 4 °C. The beads were washed
extensively with wash buffer 1 (50 mm Tris-HCI, pH 8, 150 mm
NaCl, 5mMm EDTA, pH 8, 10 um ZnCl,, 0.5% Nonidet P-40) and
wash buffer 2 (20 mm HEPES-KOH, pH 7.8, 5 mM NaCl, 0.1 mMm
EDTA, pH 8, 10 uM ZnCl,, 10% (v/v) glycerol). Protein was
eluted with 20% (v/v) glycerol, 20 mm triethylamine and neu-
tralized by addition of 0.5 M HEPES-KOH, pH 7.0, to a final pH
of ~7.5 and flash-frozen. The yield from 2 X 10® cells was ~2
mg.

Pol-prim was expressed in Hi5 insect cells infected with four
recombinant baculoviruses and purified by immunoaffinity
chromatography as described previously (47). The human p180
subunit was purified identically, except that Hi5 cells were
infected with only the p180 baculovirus. Human topoisomerase
I was expressed in Hi5 cells using recombinant baculovirus and
purified as described (48). Recombinant human RPA was
expressed in E. coli and purified as described (49).

To prepare GST-p68N for pulldown assays of full-length
LTag, residues 1-78 of p68 were cloned into pAT109, and the
protein was expressed in E. coli by autoinduction and purified
on glutathione-agarose. For full-length LTag pulldowns by pri-
mase, His,-FLAGX2-p58 was co-expressed with untagged p48
in E. coli and purified as described (50). The DBD of p53 (resi-
dues 92-292) was cloned into pAT109 to generate an N-termi-
nal GST fusion, which was expressed by autoinduction and
purified on glutathione-agarose. LT108 (LTag residues 108 —
627) was purified as described previously (51).

Affinity Pulldown Assays—Recombinant p68N-His, fusion
proteins (WT or mutant) and LTag helicase domain proteins
(WT or mutant) were expressed in E. coli. All of the proteins
were purified as described for crystallography except that the
His, tag was left intact on p68N, and the uncleaved fusion pro-
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tein was eluted with lysis buffer containing high concentrations
of imidazole (25 mm Tris-HCI, pH 8.0, 250 mm NaCl, and 150
mM). The LTag binding assay was carried out as follows. First,
aliquots of 15 ul of Ni-NTA resin were incubated with 60 ug of
His,-tagged p68N proteins in an Eppendorf tube for 30 min at
4 °C, followed by two washes with a total of 2 ml of buffer (25
mwm Tris-HCl, pH 8.0, 250 mMm NaCl). The resin was incubated
with 100 ug of LTag in a 50-ul volume for another 30 min at
4. °C, followed by five washes with a total of 5 ml of buffer (25
mM Tris-HC], pH 8.0, 250 mm NaCl, and 30 mM imidazole). As
a negative control, 15 ul of Ni-NTA resin in the absence of
His,-tagged p68N was incubated with 100 ug of LTag, followed
by the same wash procedure as above. Washed resin was boiled
in SDS loading buffer, and the dissociated proteins were sepa-
rated by 10% SDS-PAGE and analyzed by Coomassie staining.

For full-length LTag pulldowns by GST-p68N, 50 pmol of
GST or GST-p68N was bound to glutathione-agarose in bind-
ing buffer (40 mm HEPES-KOH, pH 7.9, 10 mm KCl, 7 mm
magnesium acetate, 2% milk). For p180 or FLAG-primase pull-
downs, 7 ug of p180 was pre-bound to SJK237-31 anti-p180 IgG
(52) coupled to Sepharose, or 5 ug of His-FLAG-primase was
pre-bound to FLAG M2 resin (Sigma). 1 ug of full-length LTag
(or mutants), which had been preincubated for 30 min at room
temperature in binding buffer containing 2 mm ATP, was
added, and beads were incubated 1 h at 4 °C. Beads were washed
extensively with wash buffer (40 mm HEPES-KOH, pH 7.9, 25
mMm KCl, 7 mM magnesium acetate, 0.25% inositol, 0.01% Non-
idet P-40). For pulldowns of LT108 with GST-p53 DBD, 50
pmol of GST or GST-p53 DBD was bound to glutathione-aga-
rose in binding buffer (30 mm HEPES-KOH, pH 7.8, 10 mm KCl,
7 mMm MgCl,, 10 uMm ZnCl,, 2% milk). 2 pg of LT108 (or
mutants) was added, and beads were incubated as above and
then washed extensively with wash buffer (30 mm HEPES-
KOH, pH 7.8, 25 mm KCl, 7 mm MgCl,, 10 pum ZnCl,, 0.25%
inositol, 0.01% Nonidet P-40). Bound proteins were boiled in
denaturing sample buffer, subjected to SDS-PAGE, and visual-
ized by Western blot with monoclonal Pab101 for LTag (53),
rabbit polyclonal anti-Tag for LT108 (54), monoclonal 2CT25
for p180 (55), monoclonal 8G10 for p48 (35), polyclonal anti-
GST (Invitrogen), and chemiluminescence.

Helicase Assay—Partially complementary DNA oligonu-
cleotides 5'-(dT),,GCTCGTGCAATGAGGCCGAG-
GCGGCCTCGGCCTCCGTGACCACG and 5'-CGTGGT-
CACGGAGGCCGAGGCCGCCTCGGCCTCATTGCACG-
AGC(dT),, were annealed to generate a Y-shaped helicase
substrate with 44-nucleotide single-stranded tails and a 44-nu-
cleotide duplex, radiolabeled at the 5" ends with 3*?P and puri-
fied by S200 gel filtration chromatography. Helicase assays
were performed by incubating the substrate DNA with WT or
mutant LT108 at 37 °C over a time course ranging from 30 s to
40 min in a 20-ul volume reaction containing 15 nMm substrate,
500 nM (as monomer) of the indicated LTag proteins, 5 mm
ATP, 1 mm DTT, and 0.1 mg ml~" BSA in helicase buffer (10
mwm MgCl,, 20 mMm Tris-HCI, pH 7.5). The reaction was termi-
nated by adding 5 ul of stop solution containing 100 mm EDTA,
0.5% SDS, 0.1% xylene cyanol, 0.1% bromphenol blue, and 50%
glycerol. The reactions were electrophoresed on a 12% poly-
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acrylamide gel in Tris borate/EDTA buffer for 90 min at 120 V.
The gel was dried and then exposed on a phosphorimager.

Initiation of SV40 DNA Replication—Monopolymerase (29)
assay mixtures (20 ul) consisted of 250 ng of supercoiled SV40
origin-containing pUC-HS plasmid DNA (2.8 kb), 300 ng of
RPA, 300 ng of topoisomerase I, 125-500 ng of Pol-prim, and
300 ng of full-length LTag in initiation buffer (40 mm HEPES-
KOH, pH 7.9, 10 mMm magnesium acetate, 1 mm DTT, 4 mm
ATP, 0.2 mm each of GTP, UTP, and CTP, 0.1 mMm each of
dGTP, dATP, and dTTP, 0.02 mm dCTP, 40 mM creatine phos-
phate, 40 pg/ml of creatine kinase) supplemented with 3 uCi of
[@-3?P]dCTP (3,000 Ci/mmol; PerkinElmer Life Sciences).
Reactions were carried out and results evaluated as described
(27).

SV40 DNA Replication in Monkey Cells—The pMini plasmid
was first constructed as a minimal vector for cloning mutations
into genomic SV40 DNA. The region of pBluescript-KS (Strat-
agene) containing the pMB1 origin and the B-lactamase resis-
tance gene was amplified by PCR using pBS-KS-EcoRI-Forward
(GCGGCGAATTCACGCAGGAAAGAACATGTGAGC) and
pBS-KS-EcoRI-Reverse (GCGGCGAATTCGGGAAATGTG-
CGCGGAACQ). The PCR product was digested with EcoRI and
ligated, and then standard site-directed mutagenesis was per-
formed to remove the remaining Earl site, generating pMini.
WT SV40 genomic DNA was digested with EcoRI and cloned
into pMini to generate pMini-SV40. Mutant LTag coding
sequences were isolated from pFastBacl clones (as Earl/BamHI
fragments) and used to replace the WT LTag coding sequence
in pMini-SV40. All clones were verified by DNA sequencing.
BSC40 monkey kidney cells were grown as described (54). The
pMini-SV40 DNAs were digested with EcoRI and purified by a
PCR purification kit (Fermentas), and 2 ug of each linearized
DNA was transfected per 35-mm dish of BSC40 cells using
FuGENE HD (Roche Applied Science) according to the manu-
facturer’s protocol.

Protein extracts were prepared at 24 h post-transfection by
resuspending cells in lysis buffer (10 mm HEPES-KOH, pH 7.5,
250 mm NaCl, 5 mm EDTA, pH 8, 1% Nonidet P-40, 200 um
PMSEF, 1 pg/ml aprotinin, 1 uMm leupeptin), incubated on ice for
30 min, and clarified by centrifugation for 15 min at 4 °C and
17,500 X g. Samples were quantified by BCA (Pierce), and 4 pug
of total protein were analyzed by SDS-PAGE and Western blot
using anti-LTag Pab101 (53) or anti-actin (Santa Cruz Biotech-
nology, I-19) and chemiluminescence.

Southern Blot Analysis—DNA was extracted from 5 X 10°
cells at 48 h post-transfection as described (56), digested with
Dpnl, separated in an agarose gel, and transferred to Zeta Probe
membrane (Bio-Rad). Radiolabeled DNA probes were gener-
ated by random priming. The template for the SV40 probe was
prepared from purified SV40 genomic DNA that was excised
from pSVWT (57) with BamHI. To control for recovery of the
DNA samples from transfected cells, a mitochondrial DNA
probe was prepared by PCR of BSC40 DNA extracts using the
oligonucleotides Mito-Forward (GGAGCTCTCCATGCATT-
TGGTATC) and Mito-Reverse (GGTGTGGATGTAAGTGG-
TGTCTTTG). Hybridized blots were visualized using a
Typhoon Trio phosphorimager (GE Healthcare) and quantified
using ImageQuant 5.2 (GE Healthcare). To correct for sample
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TABLE 1
Data collection and refinement statistics (molecular replacement)
LTag-p68N
Data collection statistics
Space group p4,2,2
Cell dimensions )
a,b,c 249.1, 249.1, 387.0 A
@By 90,90,90° )
Resolution 50.01 to 5.00 A (5.18 to 5.00 A)*
Ry OF R 9.3% (96%)
1ol 22.7 (1.6)
Completeness 74.7% (78.5%)
Redundancy 4.7 (4.7)
Refinement .
Resolution 50.0-5.0 A
No. of reflections 35,234

Ryon/ Revee
No. of atoms

30.47/31.39%

Protein 41,874
Root mean square deviations
Bond lengths 0.002597 A
Bond angles 0.65442°
Ramachandran plot
Most favored regions 81.7%
Additional allowed regions 17.2%
Generously allowed regions 0.7%
Disallowed regions 0.3%
Protein Data Bank code 4E21

“ Values in parentheses are for highest resolution shell.

to sample variations in the recovery of replicated SV40 form I
DNA, each SV40 signal was normalized to that of the respective
mitochondrial DNA signal. To correct for nonspecific back-
ground, SV40 signal from the replication-dead D474N was then
subtracted from that of WT and the other mutants. The cor-
rected WT replication signal was set to 100%, and the mutant
replication signals were expressed relative to that of WT.

RESULTS

Overall Structure of the LTag-p68N Complex Hexamer—To
advance understanding of the molecular basis for replicative
helicase interactions with Pol-prim in eukaryotes, we obtained
a co-crystal of the LTag helicase domain (residues 260 —627)
and the N-terminal domain of the human Pol-prim regulatory
subunit p68 (p68N, residues 1-78). The LTag-p68N complex
crystallized in the space group P4,2,2 (a = 249.0 A, b = 249.0
A, ¢ =387.0 A, @ = 90°, B = 90°, y = 90% Table 1). Using
conventional refinement methods, the low resolution diffrac-
tion data obtained from the crystal would ordinarily be insuffi-
cient to build to a detailed structural model of the protein com-
plex. However, this problem can be addressed using a recently
developed extension of the structure refinement method
known as a deformable elastic network, the basis of which is
that the number of observable diffracted intensities at even 5 A
exceeds the number of torsion angle degrees of freedom of a
macromolecule (43). DEN incorporates specific information
from known high resolution structures of homologous proteins
as reference models, together with stereochemical information,
allowing for refinement using relatively low resolution diffrac-
tion data (see under “Experimental Procedures” for a detailed
description). This approach allowed us to place most of the side
chains in the structure at 5.0 A and yielded good refinement
statistics (Table 1).

In the structure, one asymmetric unit contained 12 mole-
cules of the LTag helicase domain and 11 molecules of p68N.
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The 12 LTag molecules assembled into two hexamers. In one
hexamer, each individual LTag subunit binds to one molecule
of p68N (Fig. 2, A and B), and the other LTag hexamer binds to
only five p68N molecules, with the sixth p68N absent due to
crystal packing. In the LTag'p68N complex, the LTag hexamer
adopts a conformation very similar to that of the ATP-bound
LTag crystal structure (38). The p68N domain adopts a com-
pact four-helical bundle structure as in the previously reported
NMR solution structure (23), but parts of the main chain dis-
play some differences from the NMR p68N structure (supple-
mental Fig. S1D). Each p68N molecule binds to a surface at the
outermost tip of the LTag subunit, remote from the central
channel formed by the hexamer (Fig. 2, C and D).

LTag-p68N Interface—The buried surface area in each LTag-
p68N interface is ~858 A? (Fig. 3, A and B), consistent with the
weak interaction measured in solution by isothermal titration
calorimetry (K, 6 £ 1 um) (23). The p68N-docking surface of
LTag was formed by elements of the a-helical D3 domain and
faces away from the AAA™ motor domain (D2) and the Zn
domain (D1). Specifically, the LTag a-helix 7 (a7), 13, the loop
connecting 13 and B-strand 5, and a16 interact with p68N al
and a3 (Fig. 3A4). The interface on LTag consists of a hydropho-
bic patch centered on Tyr-552, Phe-617, and Met-621, flanked
on one edge by a few positively charged residues. The LTag
residue that had previously been implicated in p68N binding,
Lys-425 (27), is not part of this interface (Fig. 3B and supple-
mental Fig. S2). On the p68N side, the interface also displays a
hydrophobic patch, centered on Ile-14, Phe-15, and Ile-46 and
flanked by negatively charged residues Glu-11, Glu-39, and
Glu-44 (Fig. 3B), consistent with previously reported two-hy-
brid screening, pulldown assays, and NMR studies of p68N (23).
Thus, the structural model reveals an LTag-p68N interface
composed of hydrophobic and oppositely charged electrostatic
surfaces that complement each other to form the complex (Fig.
3, Cand D).

Although we were able to refine the model by placing most of
the side chains in the final model at 5 A and the final refinement
statistics generated by DEN refinement are very good, the accu-
racy of the side chain positions is still a concern given the rela-
tively low resolution diffraction data used for DEN refinement.
As a result, a thorough biochemical validation of the interface
and the functional specificity of the binding interaction is
imperative. Toward this end, LTag and p68N residues at the
observed interface were substituted by alanine using site-di-
rected mutagenesis. Soluble purified wild type (WT) or mutant
LTag helicase domain proteins were pulled down on His-
tagged p68N beads, and bound proteins were visualized by
denaturing gel electrophoresis and Coomassie staining (Fig.
4A). The results indicated that the background binding of LTag
to the nickel resin alone was low (Fig. 44, lane 1), but significant
binding of LTag to the Niresin pre-bound with His.-p68N was
detected (lane 2). In contrast, with the exception of Lys-425E,
which showed a reduction in binding relative to WT (Fig. 44,
lane 3), all LTag mutants had near background binding (lanes
4-11). This result was further confirmed by mutations on the
p68N surface. Six mutant His-tagged p68N proteins bound
poorly to WT LTag (Fig. 4B, compare lanes 3—7 with lane 2).
These results demonstrate the critical role of each of these res-
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FIGURE 2. Overall structure of the LTag-p68N complex. The C-terminal (A) and side (B) views of the LTag helicase domain hexamer in complex with p68N are
shown. The six molecules of p68N are colored in green, and each LTag subunitis in a discrete color. For comparison, the C-terminal (C) and side (D) views of LTag

hexamer alone are shown.

idues in the LTag-p68N interface identified in the structural
model.

Specificity of the LTag-p68N Binding Interface—As a first
approach to validate the functional specificity of the LTag-p68
interface in the structural model, we examined the interaction
of LTag with the human tumor suppressor protein p53. Like
p68N, the DNA binding domain (DBD) of p53 binds to the
helicase domain of LTag with a 1:1 stoichiometry (39). A high
resolution co-crystal structure of six p53 DBDs with hexameric
LTag helicase domain revealed a large binding interface that
was fully validated by site-directed mutagenesis of the interface
(39). Interestingly, the conformation of p53 DBD-bound LTag
hexamer closely resembled that of ATP-bound LTag (39).
Moreover, bound p53 inhibited LTag ATPase, DNA helicase,
and hence replication activities and directly interfered with Pol-
prim binding to LTag (58, 59). These observations suggested
the possibility that p68N and p53 might dock on overlapping
surfaces of LTag. However, an overlay of the previously defined
p53 interface (39) with that of p68N on LTag in our structural
model predicts adjacent, but nonoverlapping, binding inter-
faces (Fig. 4C).

To test this prediction, GST-p53 DBD pulldown assays were
conducted with soluble LT108 WT and four of the alanine sub-
stitution proteins defective in binding to p68N. No significant
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differences between WT and mutant LT108 binding to p53
were detected (Fig. 4D, compare lanes 4—7 with lane 3). We
conclude that p53 and p68N bind to adjacent but distinct sur-
faces on LTag, suggesting that the observed competition could
arise through steric hindrance.

To further corroborate the specificity of the p68-docking
interface in LTag, we monitored the DNA helicase activity of
WT LT108 and four LT108 proteins with alanine substitutions
that disrupt interaction with p68N. All four LT108 variants
displayed helicase activity similar to that of WT (Fig. 4E, com-
pare upper panel with lower panels), indicating that these sub-
stitutions do not indirectly compromise the enzymatic activity
of the LTag helicase domain. Taken together, the data in Fig. 4
indicate that the substitutions in LTag that disrupt binding to
p68N do not abrogate other known functions of the helicase
domain.

Role for LTag-p68 Interaction in Primosome Activity—The
SV40 primosome activity of Pol-prim containing a p68 muta-
tion that either abolished or reduced LTag binding was reduced
in proportion to its defect in binding to LTag (23), suggesting
that p68N docking on LTag was crucial for this activity. The
detailed LTag-p68N interactions revealed here now allow us to
further test the importance of the LTag interface residues in
SV40 primosome activity. Recombinant full-length WT and
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FIGURE 3. Detailed LTag-p68N interface interactions. A, ribbon illustration of the complex structure of one LTag molecule (in cyan) binding to one p68N (in
green). LTag domains D1, D2, and D3 are indicated. Secondary structures involved in the interaction of both proteins are labeled for LTag and p68N, respec-
tively. Two regions featuring hydrophobic and electrostatic interactions are indicated. B, surface representation of LTag (bottom) and p68N (top), showing the
interface areas on both proteins. The residues involved in the interface contacts are colored as follows: hydrophobic residues in yellow, positively charged
residues in blue, and negatively charged residues in red. The LTag Lys-425 is not part of the p68N-binding residues, but it is located immediately next to the
interface. Cand D, close-up views of the detailed LTag-p68N interactions within region 1 (C) and region 2 (D), showing the charge-charge interactions in region

1 and the hydrophobic interactions in region 2, respectively.

four mutant LTags were stable and purified in similar yields
(Fig. 5A4). Binding of p68N to purified full-length WT LTag was
easily detected, but p68N bound poorly to the mutant proteins
(Fig. 5B, compare lanes 4—7 with lane 3). In contrast, interac-
tions of the mutant LTags with the primase and p180 subunits
of Pol-prim were indistinguishable from those of WT LTag
(Fig. 5, C and D). We conclude that the substitutions in LTag
specifically weaken its interaction with p68, but not with other
Pol-prim subunits.

To monitor the primosome activity of the full-length LTag
mutant proteins, we used the SV40 monopolymerase assay,
which measures primer synthesis coupled with unwinding of
supercoiled DNA containing the SV40 origin (29). Although
newly synthesized primers can be directly detected in this assay
in the absence of deoxyribonucleotides, measurement of prim-
er-dependent extension into RNA-DNA products in the pres-
ence of radiolabeled dCTP was used here to provide greater
sensitivity (29). In this assay, products of two general size
classes were formed as follows: a longer product, approximately
one-half the size of the template, that primarily results from
replication of the leading strand; and a shorter fragment, about
100-300 nucleotides in length, that represents synthesis of
Okazaki fragments. In reactions containing DNA, WT LTag,
RPA, and topoisomerase, radiolabeled products accumulated
in proportion to the amount of purified Pol-prim present in the
assay (Fig. 5E, lanes 2—4). No products were observed when
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LTag was omitted (Fig. 5E, lane I). LTag substitutions H395A,
R548A, K550A, and K616A significantly reduced primosome
activity relative to that of an equal amount of WT LTag (Fig. 5,
E, lanes 4-8, and F). The magnitude of this defect was very
similar to the ~60% drop in primosome activity observed in
reactions conducted with Pol-prim containing the [14A-substi-
tuted p68, which disrupts binding to LTag (23). The results
demonstrate that interaction of p68 with the LTag interface
identified in our structural model is important for primosome
activity in a reconstituted reaction.

Biological Role of LTag-p68 Interaction in SV40 DNA Repli-
cation in Vivo—A cell-free primosome assay with purified DNA
and proteins is of course highly simplified relative to the intra-
cellular environment in which viral chromatin replicates. To
determine whether this in vitro p68-LTag interaction contrib-
utes to viral mini-chromosome replication in the natural host
monkey cells, we prepared bacterial plasmid DNAs that each
contained a complete SV40 genome encoding the WT or one of
the mutant H395A, R548A, K550A, or K616A LTags with
defective primosome activity. An SV40 genome encoding the
Walker B LTag substitution D474N, which disrupts the essen-
tial replicative helicase activity, was used as a negative control
(27). We introduced this panel of SV40 genomic DNAs into
monkey cells and monitored LTag expression and viral DNA
replication products.
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assaysin Aand B, the input LTag for initial incubation for each lane was 100 p.g (see “Experimental Procedures”). C, binding interfaces on LTag for p53 (red) (39)
and for p68 (blue) (Fig. 3) are adjacent but distinct. D, glutathione-agarose beads bound to either GST (lane 2) or GST-p53 DBD (lanes 3-7) were incubated with
LT108 WT or substitution proteins as indicated. Retained proteins were visualized by Western blot with the indicated antibodies. Lane 1, 15% of the LT108 input
amounts used in lanes 2-7. E, helicase activities of LT108 mutants that have disrupted p68N binding were assayed over a time course of 30 s to 40 min. Lanes

1 and 2 contain unboiled (UB) and boiled (B) DNA substrate.

24 h after transfection of cells with WT and mutant SV40
DNA, whole cell extracts were prepared, and LTag expression
was monitored by immunoblotting. WT and each of the mutant
LTags accumulated at detectable levels, with some variation
among samples (Fig. 64). Immunofluorescence microscopy
confirmed that the WT and mutant LTags accumulated in the
nuclei of the transfected cells as expected (data not shown). To
evaluate viral DNA replication at 48 h after transfection, low
molecular weight DNA was isolated from cells expressing WT
and mutant LTag, digested with Dpnl to fragment residual
input DNA, and analyzed by Southern blot and phosphorimag-
ing. Daughter DNA was easily detected in the WT samples, and
not in the Walker B mutant samples, as expected (Fig. 6B, lanes
1 and 2). The poor replication of the LTag mutant genomes
H395A, R548A, K550A, and K616A in monkey cells mirrors
their poor primosome activity in vitro (Fig. 6B, lanes 3-6).
Quantification of results from two independent transfection
experiments confirmed that a single substitution in the LTag-
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p68 interface was sufficient to significantly diminish replication
activity in vivo (Fig. 6C). We conclude that viral mini-chromo-
some replication in mammalian cells depends on the p68-LTag
primosome interface identified in our structural model.

DISCUSSION

The replisome is a multiprotein machine composed of var-
ious “moving components” that display a high degree of
dynamic coordination. Although the key protein players and
their interactions in prokaryotic primosomes and replisomes
have been characterized biochemically and structurally, under-
standing of their eukaryotic counterparts is much less compre-
hensive, in part due to the lack of structural information. Here,
we have applied a powerful new extension of DEN refinement
methods to a low resolution co-crystal structure of a human
Pol-prim domain (p68 N-terminal domain, residues 1-78)
bound to the helicase domain (residues 260 — 627) of the repli-
cative helicase LTag. The resulting structural model of the
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monopolymerase reactions containing purified LTag, RPA, topoisomerase, and Pol-prim (diagram). Radiolabeled products of reactions lacking LTag (/ane 1) or
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experiment. No T, as a negative control, LTag was omitted from the sample. Error bars indicate standard deviation.

complex reveals in detail a network of complementary hydro-
phobic and electrostatic interactions at the protein interface
that have been extensively validated by site-directed mutagen-
esis, highlighting the effectiveness of these new refinement
methods. Using this panel of mutants, we show that the p68-
LTag interface is not essential for LTag helicase activity or for
binding to the p53 tumor suppressor protein, to the Pol-prim
catalytic subunit p180, or to primase. In contrast, the integrity
of the p68-LTag interface is vital for initiation of SV40 DNA
replication in a cell-free reaction reconstituted with purified
proteins, as well as in the natural monkey kidney host cells.
The identification of the LTag binding surface on p68N as a
hydrophobic patch rimmed by acidic charge (23) led to the
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expectation that the p68N binding surface on LTag would be
composed of a complementary hydrophobic patch bound by
basic charge. A two-hybrid screen of charge-reverse substitu-
tions in LTag surface residues for mutations that disrupted
binding to p68N identified LTag Lys-425 as a potential inter-
acting residue (27), but no hydrophobic patch could be identi-
fied in the immediate vicinity. The structural model reported
here reveals that Lys-425 is not part of the interface (Fig. 3B),
but rather it resides on the surface of LTag near both the P-loop
of the AAA™ subdomain and Arg-548, which is positioned at
the edge of the LTag-p68 interface (supplemental Fig. S2). It is
likely that the K425E substitution perturbed the LTag surface
sufficiently to weaken the interaction with p68N. In addition,
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FIGURE 6.LTag-p68 interaction is required to replicate SV40 chromatinin
monkey kidney cells. A, whole cell extracts were prepared from BSC40 cells
transfected 24 h earlier with genomic SV40 DNA encoding WT LTag, the
Walker B mutant LTag D474N, or the indicated mutant LTags with defects in
p68 binding. A 4-ug sample of total protein from each extract was analyzed
by SDS-PAGE and Western blotting to evaluate LTag expression. Actin served
as control for equal protein loading. B, low molecular weight DNAs were
extracted from a parallel experiment (A) at 48 h after transfection and ana-
lyzed by Southern blotting with a radiolabeled SV40 DNA probe and with a
human mitochondrial (Mito) DNA probe as a recovery control. C, radiolabeled
signals for SV40 form | DNA replication product and mitochondrial DNA in
each lane were quantified using phosphorimaging. Replication signals were
corrected for sample to sample recovery variations using mitochondrial DNA
and for background using the helicase-dead D474N mutant and were com-
pared with that of WT in the same experiment, as detailed under “Experimen-
tal Procedures.” The graph shows the average value from two independent
transfection experiments. Error bars represent standard deviation.

disruption of the P-loop might explain the low ATPase activity
displayed by K425E LTag (27).

Extensive biochemical studies have shown that specific inter-
actions between LTag and Pol-prim are required for primo-
some activity (14, 23, 55, 60). Surface plasmon resonance mea-
surements indicate that Pol-prim interacts with hexameric
LTag with nanomolar affinity (35). However, the interaction of
p68 with a single LTag subunit is weak (K, 6 um) when mea-
sured in solution by isothermal titration calorimetry (23). This
difference in affinity suggests that additional interactions
between Pol-prim and LTag must exist. LTag variants that fail
to bind to p68 retain WT interaction with the p180 and primase
subunits of Pol-prim (Fig. 5, B—D), implying that LTag has at
least two more, likely different, interfaces that bind to Pol-prim
and remain to be identified. Like the LTag-p68 interaction,
each of these interactions is relatively weak but contributes to
the overall affinity of Pol-prim for the LTag hexamer. Together,
they are likely to play critical roles in primosome activity, per-
haps by maintaining proper orientation of Pol-prim relative to
the hexameric helicase or coordinating helicase activity with
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primer synthesis and extension. The p68-docking site on LTag
is of course present on all six subunits of the hexamer, but given
the 1:1 (Pol-prim/LTag hexamer) stoichiometry observed in
solution (34) and the similar mass of hexameric LTag and Pol-
prim (~500 and 350 kDa), it seems likely that the 1:1 stoichi-
ometry is the functional complex. Thus, the structural arrange-
ment of Pol-prim bound to LTag is inherently asymmetric,
which is likely to be functionally significant.

Conserved Polyomavirus Interface for Pol-prim Interaction?—
Analysis of LTag protein sequences from other primate polyo-
maviruses revealed the LTag residues critical for binding p68 to
be well conserved (supplemental Fig. S3A). Similarly, the
extreme N-terminal end (residues ~1- 80), and specifically the
residues implicated in LTag binding (supplemental Fig. S3B,
boxed), are conserved among mammals. Thus, the p68-LTag
binding interface and its function in polyomaviral primosome
activity may be conserved. However, whether the p68N domain
regulates primosome activity in chromosomal replication
remains an open question (61, 62).

Emerging Eukaryotic Primosome Architecture?—OQOur current
understanding of the interactions of replicative helicases with
DNA primases is based largely on prokaryotic replisomes that
have been extensively characterized in multiple systems (1-4,
11). The replicative helicases of prokaryotes translocate with 5’
to 3’ polarity on the lagging strand template, displacing the
leading strand template (Fig. 7A). FRET analysis revealed that
the E. coli replicative helicase DnaB is oriented with its C-ter-
minal motor domains facing toward the duplex DNA substrate
(63, 64) and its primase-interacting regions following along
behind (Fig. 7A) (65— 67). The formation of a trombone loop in
the lagging strand template is thought to enable primase,
assisted by the y/is subunits of the DNA polymerase IIT holoen-
zyme, to displace ssDNA-binding protein and generate RNA
primers for Okazaki fragment synthesis (68 and references
therein).

In contrast, the eukaryotic and archaeal replicative helicase
assemblies translocate with 3’ to 5’ polarity on the leading
strand template. Mini-chromosome maintenance (MCM) pro-
teins constitute the core of the helicase and supply its motor
function (5, 69-71). FRET analyses indicate that the archaeal
MCM complex translocates 3’ to 5" with its C-terminal motor
domains oriented toward the duplex DNA as it displaces the
complementary 5’ strand (72, 73). Accumulating evidence sug-
gests that the excluded 5’ strand wraps the positively charged
exterior surface of the MCM complex (6, 74, 75).

Although the orientation of the LTag helicase on a sub-
strate DNA has not been experimentally determined, the
3'-5' polarity of translocation on ssDNA and unwinding of
DNA fork substrates, overall structural organization, and
basic exterior surface of the LTag helicase domain resemble
properties of MCM helicase, suggesting that an MCM-like
orientation of LTag on DNA would be plausible (Fig. 7B). In
this orientation, DNA polymerase 6 would synthesize the
leading strand behind the translocating LTag hexamer (30,
76, 77). The LTag helicase domains interact with the long
flexible N-terminal extensions of the p180 and p68 subunits
of Pol-prim, likely spatially positioning Pol-prim on the lag-
ging strand template for primer synthesis (14, 23, 27, 28, 47,
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FIGURE 7. Variations on primosome architecture. A, in a model prokaryotic
primosome, the E. coli replicative helicase, DnaB (green), translocates along
the lagging strand template with 5’ to 3’ polarity, its C-terminal helicase
domains (HD) facing toward the duplex DNA (gray/cyan). Three molecules of
primase, DnaG (yellow), interact with the N-terminal (N) domain of DnaB and
trail behind. B, LTag hexamer (green) interacts through its C-terminal helicase
domains (HD) with at least three subunits of Pol-prim (yellow). In one possible
model of the SV40 primosome, the entire central channel of the hexameric
helicase encircles one ssDNA, with the helicase domains facing toward the
duplex as LTag translocates with 3’ to 5" polarity. We suggest that Pol-prim
docking on LTag (black double arrows) positions primase to bind the lagging
strand template. C, in another possible model, the N-terminal domains of
LTag could face the DNA duplex.

60). Alternatively, LTag may be oriented with its N-terminal
domains toward the duplex DNA and the motor domains
following behind, as suggested by a crystal structure of the
superfamily 3 bovine papillomaviral helicase E1 on ssDNA
(78, 79). This orientation could also allow the LTag helicase
domains to interact with the N-terminal extensions of p68
and p180 to bring the primase and lagging strand template
together for Okazaki fragment synthesis (Fig. 7C).
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In summary, this study reveals for the first time the molecu-
lar interactions of LTag with the Pol-prim regulatory subunit
p68 and has important implications for understanding how
interaction of p68 with LTag activates SV40 primosome activ-
ity. Despite the relatively small interface between LTag-p68, we
have now shown that both sides of this interface are critical for
primosome activity, suggesting that each of these weak interac-
tions between Pol-prim and LTag is important for proper
function of the highly dynamic complex machine (80). Future
work to characterize the remaining Pol-prim-LTag interactions
and their orientation at a fork will advance our understanding
of this model eukaryotic primosome.
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